† Background and Aims Plants growing in altered gravity conditions encounter changes in vascular development and cell wall deposition. The aim of this study was to investigate xylem anatomy and arrangement of cellulose microfibrils in vessel walls of different organs of soybean seedlings grown in Space. † Methods Seeds germinated and seedlings grew for 5 d in Space during the Foton-M2 mission. The environmental conditions, other than gravity, of the ground control repeated those experienced in orbit. The seedlings developed in space were compared with those of the control test on the basis of numerous anatomical and ultrastructural parameters such as number of veins, size and shape of vessel lumens, thickness of cell walls and deposition of cellulose microfibrils. † Key Results Observations made with light, fluorescence and transmission electron microscopy, together with the quantification of the structural features through digital image analysis, showed that the alterations due to microgravity do not occur at the same level in the various organs of soybean seedlings. The modifications induced by microgravity or by the indirect effect of space-flight conditions, became conspicuous only in developing vessels at the ultrastructural level. The results suggested that the orientation of microfibrils and their assembly in developing vessels are perturbed by microgravity at the beginning of wall deposition, while they are still able to orient and arrange in thicker and ordered structures at later stages of secondary wall deposition. † Conclusions The process of proper cell-wall building, although not prevented, is perturbed in Space at the early stage of development. This would explain the almost unaltered anatomy of mature structures, accompanied by a slower growth observed in seedlings grown in Space than on Earth.
INTRODUCTION
The evolution of plants and their spreading in the terrestrial environment have been accompanied by a progressive increase in complexity of the composition and structure of cell walls. The latter perform major functions in the development and survival of land plants because they support the aerial organs under 1-g conditions in much the same way as bones and muscles support the animal body (Taylor et al., 1992; Hoson, 1998) . Development of a tough cell wall for supporting an upright stand against gravity leads to restricting the free growth of tissues and organs, thus affecting growth and morphogenesis (Hoson et al., 2003) .
Changes in the gravitational stimulus are responsible for alterations in the chemical and mechanical properties of cell walls. Hypergravity (gravity conditions higher than 1 g, created in the laboratory by using centrifuges) conditions are reported to affect the development of xylem cells due to enhancement of the deposition of cell wall polysaccharides and lignin, the development of thicker and more rigid cell walls, and a reduction in the extensibility of secondary walls (Kasahara et al., 1995; Hoson et al., 1996; Nakabayashi et al., 2006; Tamaoki et al., 2006) . On the other hand, simulated or real microgravity are considered responsible for changes in the amount and organization of cellulose and lignin, modifications in the levels and composition of cell wall polysaccharides and other events leading to the alteration of cell wall thickness and extensibility (Cowles et al., 1984; Halstead and Dutcher, 1987; Nedukha, 1996; Levine et al., 2001; Hoson et al., 2002 Hoson et al., , 2003 .
Few experiments have been performed to understand the possible changes encountered by cell walls developing under real microgravity (10 26 g) in Space. Indeed, opportunities for space experiments are limited and most of the knowledge currently available is based on the results of tests conducted in simulated microgravity or on the interpretation of the data obtained in hypergravity experiments, accepting that results follow the opposite trend under microgravity conditions (Hoson et al., 1996) . Moreover, often protoplasts were used as models (Iversen et al., 1992; Rasmussen et al., 1992 Rasmussen et al., , 1994a Skagen and Iversen, 1999) , partly to overcome the technical constraints imposed by flight experiments, namely the restricted availability of room, time and crew-time for plant cultivation. Cell cultures were also useful to investigate the relationships between cortical microtubules and cellulose microfibrils during the synthesis of cell walls (Baskin, 2001; Roberts et al., 2004) . The orientation of cortical microtubules was proved to change following the alteration of the gravitational field, thus causing modifications in the arrangement of cellulose microfibrils . The few investigations conducted to visualize cortical microtubules or cellulose microfibrils in planta during flight experiments have often produced conflicting observations. For example, Sytnik et al. (cited in Halstead and Dutcher, 1987) claimed the randomization of microfibrils in relation to the longitudinal axis of cells developed in microgravity conditions. On the other hand, the deposition of ordered cellulose microfibrils seemed to be not perturbed by microgravity in primary walls of wheat (Levine et al., 2001) .
The conflicting results obtained in different experiments performed in microgravity may be explained by the fact that metabolic and structural responses of plants to microgravity are affected by numerous factors such as the species, cultivar, age and physiological state of the plant, and may differ in various organs or regions of the same organ (Levine et al., 2001; Nakabayashi et al., 2006) . Moreover, in the experiments performed in space, results can be influenced by other variables such as (a) the rapid changes in the gravitational conditions on the way back to Earth, when fixation of samples is not carried out while in microgravity, or (b) the type of fixation itself, when different protocols and hardware are used (Levine et al., 2001; Hoson et al., 2002) .
This paper reports the results of a space-flight experiment to describe, for the first time, the features of developing xylem cells in different organs of soybean seedlings grown in a microgravity environment. The anatomical features of xylem are quantified and the ultrastructure of cell walls is investigated, focusing on the assembly of cellulose microfibrils.
MATERIALS AND METHODS

Flight and 1-g control experiment
Thirty-two soybean seeds [Glycine max (L.) Merr. 'Adzuchi', 2004 seed lot] were screened for size, weight, uniformity and lack of defects. They were sterilized and used to supply the automatic growth support systems used during the flight experiment on board of Foton-M2 capsule, launched by a Soyuz rocket (mission period: 31 May 2005 to 16 June 2005), and in the 1-g control test (De Micco et al., 2006c) . The flight hardware was inserted into a portable incubator (temperature was set at 22 8C) and transferred to the launch base at the Baikonur cosmodrome (Kazakhstan). On day 1 (0930 h, time zero), the flight hardware was switched on and was installed in the Foton-M2 capsule. Foton-M2 took off on day 4 at 1800 h and returned to Earth after orbiting for 16 d. Switching on the hardware primed the countdown to start all the planned operations, namely the recording of temperature and humidity data, injection of water for seed germination and injection of the chemical fixative (formaldehyde 40 % : glacial acetic acid : ethanol 50 % in the volume ratio of 5 : 5 : 90) to stop seedling growth. More specifically, water injection started 8 d (11 520 min) after switching on the hardware and was completed 17 min later. This operation primed seed germination and seedling growth that was blocked after 5 d (at 18 720 min) by the injection of the chemical fixative. Seedlings were allowed to grow in the dark, at a temperature range of 18-20 8C. After the flight, identical experiments in terms of hardware, materials and procedures were performed in normal gravity conditions (1-g control) at the laboratories of the University of Naples. Since seedlings developed in Space were, in average, smaller in size than those grown in 1 g (De Micco et al., 2006b) , anatomical and ultrastructural analyses were performed on seedlings showing the same morphology and size. In this way, the different anatomical features can be considered as due to the effect of Space factors and not biased by the comparison of different developmental stages. The seedlings were dissected to isolate cotyledons, the hypocotyl hook and hypocotyl zone corresponding to the maximum diameter. The sub-samples obtained were subjected to preparation for light-, epi-fluorescence microscopy and transmission electron microscopy, setting the protocols to have the same time of fixation and embedding procedure for seedlings developed in Space and in 1 g on Earth.
Light and epi-fluorescence microscopy Samples (3 sub-samples Â 5 seedlings Â 2 treatments) were dehydrated in an ethanol series up to 90 % and embedded in JB4 acrylic resin (Polysciences Europe, Eppelheim, Germany). Semi-thin cross-sections (1 -3 mm thick) of the middle part of the dissected sub-samples were obtained by using a rotative microtome and collected on glass slides. Several sections per sample were stained with 0 . 5 % Toluidine Blue (Feder and O'Brien, 1968) , mounted with Canadian Balsam and observed under a transmitted light microscope (BX 60, Olympus, Hamburg, Germany,).
The unstained sections were observed under an epifluorescence microscope (BX60, Olympus) set to detect the UV induced fluorescence of lignin (excitation 330 -385 nm, emission 400-420 nm) (Fukuzawa, 1992) .
Quantification of anatomical parameters
Microphotographs were obtained by means of a digital camera (CAMEDIA C4040, Olympus). Images were analysed with Plant Meter-Root (Aronne and Eduardo, 2001) and AnalySIS 3 . 2 (Olympus), two software programs devised to quantify anatomical features.
The anatomy of the vascular system was studied in cotyledons, the hypocotyl and hypocotyl hook by counting the number of principal veins ( Fig. 1A and B) or xylem poles (Fig. 1C -F) , and number of vessels per vein/pole. In each section, 15 vessels were selected among those where lignin was completely deposited and the thickness of cell walls was measured avoiding cell corners. Moreover, the area and shape of vessel lumen were quantified; cell shape was defined by the following indices (definitions are based on the AnalySIS manual): aspect ratio -the maximum ratio of width and height of a rectangle circumscribing the cell; convexity -the fraction of the cell's area and the area of its convex; elongation -the lack of roundness of the cell (the more elongated the cell, the higher the value of the index); shape factor -this provides information about the 'roundness' of the cell by considering the deviations of the two-dimensional cell outline from the standard image of a circle (for a spherical, turgid cell, whose boundaries are straight and smooth, the shape factor assumes the maximum value of 1); sphericity -this describes the 'roundness' of the cell by using central moments (for a spherical cell it is 1, for all other cell shapes it is smaller than 1; sphericity is meant as circularity that is a more appropriate two-dimensional term).
Transmission electron microscopy
Sub-samples of cotyledons and the hypocotyl were dehydrated in an ethanol series up to 100 %. The samples were then transferred to solutions of ethanol/LR White acrylic resin, hard grade (Ted Pella, Inc., Redding, CA, USA), 3/1, 1/1, 1/3 (v/v). Finally, the samples were infiltrated with 100 % LR White and embedding in fresh LR White resin was performed in gelatine capsules with polymerization for 24 h at 50 8C. Ultra-thin sections (50 nm) were cut using an ultramicrotome (Leica UC6, Leica Microsystems, Wetzlar, Germany) and collected with plastic rings (Marinozzi, 1964) . Sections floating on plastic rings were subjected to the periodic acid -thiocarbohydrazide -silver-proteinate method in order to mark the polysaccharide moiety of the cell walls, following the procedure by Thiéry (1967) modified by to highlight cellulose microfibrils. In brief, the sections were floated on a 5 % solution of periodic acid in water for 90 min, the reaction with thiocarbohydrazide was carried out for 24 h and silver proteinate was applied for 30 min in the dark. Finally, the sections were transferred to copper grids coated with carbon -collodion (collodion 2 % in amyl acetate) and examined with a Philips CM 200-Cryo-TEM at an accelerating voltage of 80 kV. Photographs of the cell walls of developing vessels in both cotyledon and hypocotyl were taken on electron microscope films (Kodak 4489, Rochester, NY, USA).
Measurement of microfibrils
The electron microscope films were scanned with an HP scanjet 7400c scanner. Given the magnification of microscope films and the resolution of digital images, pixel size ranged between 0 . 658 and 1 . 316 nm, thus allowing measurement at accuracy of no less than nanometre level.
(Lower values of pixel size corresponded to the photos taken at the highest magnification and used for the detection of the thinnest structures.) The digital images were subjected to digital image analysis with the Plant MeterRoot software. The thickness of microfibrils and of the structures formed after the progressive assembly of adjacent microfibrils (lamellae) was measured repeating three times the measurement of each structure in three nearby measurements. Micrographs of three to five replicates were analysed per treatment, measuring at least 15 microfibrils and lamellae in each developing vessel. In the Results, mean values are rounded up to 10 22 but this should not give the misleading impression that accuracy of measurement was higher than nanometre level. To be more conservative, the size of single microfibrils might have an indicative value, while data on the other classes of lamellae are more consistent.
Statistical analysis of data
All results were subjected to statistical analysis (ANOVA) using the SPSS statistical package (SPSS Inc., Chicago, IL, USA). Data on convexity, shape factor and sphericity were transformed through arcsine function before statistical analysis.
RESULTS
Light and epi-fluorescence microscopy
As a preliminary observation, it was verified that primary xylem in cotyledons and hypocotyl in soybean seedlings is formed during germination starting from provascular bundles. Primary xylem in soybean seedlings occurred as numerous veins interspersed in the surrounding parenchyma in the cotyledons (Fig. 1A, B ) and as poles of developing vessels in the central cylinder of the hypocotyl hook and hypocotyl ( Fig. 1C -F) . In the seedlings developed in 1-g conditions, the median sections of each cotyledon were characterized by the presence of 16 . 2 + 0 . 86 (mean value + s.e.) bundles, each having 9 . 20 + 0 . 75 vessels. Similarly, seedlings grown in Space showed 15 . 2 + 0 . 71 veins made of 10 . 82 + 0 . 51 cellular elements.
The hypocotyl hook and hypocotyl presented eight principal veins coupled to form four opposite poles (Fig. 1C,  D) ; the latter are gradually joined throughout the hypocotyl towards the root (Fig. 1E, F) . In both the hypocotyl hook and hypocotyl, the mean number of vessels per vein was not significantly different between seedlings developed in Space and on Earth: values ranged between 7 . 12 + 0 . 30 and 8 . 31 + 0 . 28.
Both in cotyledons and hypocotyl zones, most of the vessels had cell walls with secondary thickenings that appeared fluorescent due to lignification (Fig. 1) ; in some elements, UV-induced fluorescence of lignin appeared evident only at cell corners.
Vessel lumen of the hypocotyl hook grew significantly larger (P , 0 . 05) in Space than on Earth, while no significant differences were found in the other regions of the seedlings (Fig. 2) . The shape of vessel lumen, measured as the ratio between opposite diameters (aspect ratio), enlargement of the cell in a preferential direction (elongation) or lack of sphericity, underwent no significant changes in any of the organs analysed during the development of seedlings in microgravity (Table 1) . However, the analysis of other indices, namely convexity and shape factor, evidenced significantly lower values in cotyledons of seedlings grown in Space, suggesting the occurrence of less straight and less smooth inner boundaries of the cell wall (Table 1) compared with seedlings developed in 1 g. Regarding vessel walls, a significant difference was revealed only by vessels of cotyledons whose cell walls were significantly thicker in seedlings developed in 1-g conditions than in Space (Fig. 3) .
Transmission electron microscopy
The ground control seedlings showed vessel walls with a clearly well-organized structure both in cotyledons and hypocotyl. Single cellulose microfibrils were laid parallel to each other and were arranged in progressively thicker bundles (lamellae) from the deposition of middle lamellae and primary wall up to the complete formation of the secondary wall (Fig. 4A, C , E, G). The ordered arrangement of cellulose fibrils in vessel walls was still recognizable in all the vessels where the assembly of secondary wall and lignification was completed (Fig. 4G) . The ultrastructure of primary vessel walls of seedlings grown in microgravity appeared disorganized in 100 % developing vessels, with no differences between cotyledons and hypocotyl. More specifically, the lack of orientation of these microfibrils was evident in wide areas of all developing vessel walls where single cellulose fibrils were not laid parallel to each other but were spread without any preferential direction (Fig. 4B, D, F) . Although microfibrils were preferentially separated from each other, in some regions they were arranged into lamellae whose boundaries were not so conspicuous as in the 1-g control; consequently they were less easily detectable. The disorganization was also visualized in the form of a separation of the microfibrils from cellulose bundles appearing more compact. The lack of orientation endured by these fibrils in microgravity caused their spreading in a wider area between two adjacent cells compared with cellular elements developing in 1-g conditions. A more ordered arrangement of the cell wall was visualized in those vessel walls where the deposition of secondary wall and lignification was completed (Fig. 4H) .
Measurement of cellulose microfibrils and bundles
Cellulose microfibrils of primary vessel walls were 6 . 82 + 0 . 17 nm (mean value + s.e.) thick in seedlings developed in 1-g conditions and 6 . 37 + 0 . 13 nm in microgravity. This difference is statistically significant; however, it is close to the limit imposed by measurement accuracy. Two or more microfibrils were arranged in progressively thicker bundles (lamellae), showing a similar trend of size increment in both Space and 1-g seedlings ( Fig. 5 ; the numbers from 1 to 4 indicate the classes of progressively thicker lamellae deriving from the arrangement between microfibrils). The thickness of lamellae was not significantly different between Space and 1-g seedlings in all classes considered but the first. The mean multiplying factor that marks the passage from the thinner structures up to thicker bundles was 2 . 035 in 1-g conditions and 2 . 080 in microgravity. Variability in the microfibril arrangement was estimated by the coefficient of variation that was 0 . 042 in the control versus 0 . 167 in Space. This suggests that the assemblage modality is more stable in 1-g than in microgravity.
DISCUSSION
It is well known that xylem is differentiated from meristematic cells: primary xylem is produced by procambial cells derived from apical meristems, and secondary xylem originates from the activity of the vascular cambium during secondary growth. After being generated by a meristematic cell, a xylem cell undergoes a process of growth and differentiation encountering radial and longitudinal elongation, thickening and lignification of walls. Within the xylem, the degree of cell wall thickening as well as the pattern and chemical nature of thickenings vary according to the function of the cell and are the result of the influence of numerous factors. Changes in gravitational conditions, whether microgravity or hypergravity, can affect the morphology, mechanical and chemical properties of xylem cells, thus causing modifications to plant growth and development (Hoson et al., 1996) . Moreover, such modifications can involve various levels of the plant organization and are not always revealed concurrently at structural, ultrastructural, chemical or molecular level. The analysed soybean seedlings grown in microgravity seemed to form a normal xylem pattern propagating in the cotyledons and throughout the axis of developing organs. The quantification of anatomical features and ultrastructural observations showed that the formation of xylem cells is somewhat perturbed in Space samples. More specifically, the ultrastructural organization of primary cell walls was affected by microgravity or the indirect action of spaceflight conditions only in developing vessels.
Being predetermined in the seed, the number of veins did not change during the development of soybean seedlings in Space. The mechanisms regulating the pattern of vascular bundles in cotyledons and leaves are poorly understood and they can be controlled at hormonal level, as evidenced in arabidopsis seedlings (Sieburth, 1999) . The number of xylem cells formed within a vein can be modified by altered gravity conditions as demonstrated by Nakamura et al. (1999) who found that stems of Prunus jamasakura growing on a 3D-clinostat formed a smaller amount of secondary xylem with fewer fibres and a higher incidence of vessels. Hypergravity is also a factor affecting the formation of xylem cells; indeed, the development of a higher number of metaxylem elements with larger lumen size in the immature inflorescence stem of Arabidopsis thaliana is promoted by hypergravity, while the formation of protoxylem cells is not disturbed (Nakabayashi et al., 2006) . This is in agreement with the present findings that the number of xylem cells in cotyledon veins and in vascular bundles of the hypocotyl in soybean seedlings does not undergo significant changes in altered gravity conditions despite showing a tendency to increase. Previous experiments on the clinostat also showed that soybean seedlings developing in simulated microgravity had a tendency to form more xylem cells with larger lumen compared with those growing in 1-g conditions (De Micco et al., 2006a) . The increased dimensions of vessel lumen were confirmed only in the hypocotyl hook in the case of soybean seedlings developed in Space. The formation of larger vessel lumens in Space than 1-g seedlings could be related to the altered deposition of cellulose microfibrils in microgravity. Indeed, alignment of cellulose microfibrils is considered responsible for mechanical anisotropy of cell walls, thus influencing growth phenomena (Suslov and Verbelen, 2006) . However, significant differences in other organs were not found where tendencies to both increase and decrease in vessel lumen size were found. No strict relationship has been established yet between levels of gravity and cell size in various tissues in planta because either increase or decrease of size is reported after exposure to altered gravity, but the results are not always significant (Darbelley et al., 1989; Moore, 1990; Nakamura et al., 1999; Aronne et al., 2003) . Moreover, the response can be different in various regions of the same organ (Nakabayashi et al., 2006) . Several experiments have been also conducted using protoplasts as model systems to examine the effect of microgravity and hypergravity on the morphological development of cells during the formation of cell walls (Wymer et al., 1996; Skagen and Iversen, 1999; Baskin, 2001; Roberts et al., 2004) . The size of protoplasts is reported to increase after exposure to simulated or real microgravity (Rasmussen et al., 1994a,b; Iversen et al., 1999; Skagen and Iversen, 1999) . It is believed that the increased volume of protoplasts is an indirect result of the inadequate quantity or disturbed organization of cortical microtubules causing the formation of less-developed or abnormal cell walls , suggesting lowered mechanical resistance.
There is evidence to support the prominent thinning of the cell walls in plants growing in real microgravity or under microgravity conditions simulated by water submergence (Masuda et al., 1994a,b; Hoson et al., 2003) . On the other hand, plants appear to form thick and tough cell walls when exposed to hypergravity (Hoson et al., 1996; Nakabayashi et al., 2006) .
Following these experiments, a positive trend is delineated with the cell wall becoming thicker according to the increase in gravity levels. The finding that vessel walls of soybean cotyledons are thinner in microgravity than in 1-g conditions is in agreement with this trend, although it is in contrast with results obtained in simulated microgravity (De Micco et al., 2006a) . Moreover, this relationship between gravity and wall thickness was only observed in the case of cotyledons, but was not significant in hypocotyl hook and hypocotyl.
In soybean cotyledons, the thinning of cell walls is associated with the presence of less-definite internal boundaries as supported by the slightly, but still significant, lower values of convexity and shape factor occurring in microgravity. This is consistent with the ultrastructural observations which provided evidence for perturbations in the arrangement of cellulose microfibrils in primary cell walls. Indeed, these fibrils tended to lose their orientation and lay preferentially separated from each other in primary vessel walls of seedlings developed in microgravity, barely assembling into orderly thicker structures. However, in those regions where microfibrils were arranged into thicker structures, the size of these lamellae was the same as in 1-g conditions, albeit showing higher variability. It can be speculated that the disorganization of cellulose microfibrils is a transient phenomenon in vessel walls of soybean seedlings occurring in the early stages of the assembly of primary cell wall, because a more ordered arrangement of the fibrils can be visualized in vessel walls with advanced state of thickening, maturation and lignification. The observed alterations in the orientation and aggregation of cellulose microfibrils in the seedlings developed in Space reveal that wall assembly has been perturbed. It is difficult to say whether these ultrastructural alterations are directly or indirectly caused by microgravity and spaceflight conditions. If they are not directly caused by microgravity, they could result from partial extraction of matrix polymers during the chemical fixation following the space experiment, such as pectin material removal. In any case, the difference with the control (which was fixed and embedded following exactly the same procedure as the Space samples) shows that the assembly of cellulose microfibrils did not occur in a normal way in Space samples. These defects concern primary walls and they cannot be seen after secondarization of the wall. The presence of normally completed lignified xylem vessels, together with the occurrence of normal walls in other cell-types, would explain why the morphological distortion is not conspicuous. A similar situation has been reported in genetically engineered A. thaliana plants down-regulated in some matrix components (Goujon et al., 2003) .
The lack of orientation of cellulose microfibrils in cell walls of soybean seedlings developed in microgravity conditions is in agreement with the observations made by other authors who reported the occurrence of randomized cellulose microfibrils on the longitudinal axis of cells, also bacteria, developed in altered gravity conditions (Sytnik et al. cited in Halstead and Dutcher, 1987; Brown et al., 1992) . Levine et al. (2001) also reported the occurrence of perturbations during the development of secondary walls in wheat grown in the milligravity (10 23 -10 24 ) environment of a space-shuttle mission. More specifically, they found indications of the thinning of secondary walls and a reduced deposition of cellulose, although their experiment did not reveal perturbations in the organization of cellulose microfibrils. It has to be noted that these authors examined cells from completely developed tissues. According to the broadened view of the microtubule/microfibril paradigm, which states that cortical microtubules provide positional information for the nascent cellulose microfibrils and that the latter supply biophysical information back to the microtubules, the excessively low density of nascent cellulose causes the failure of the ordering principles during the assemblage of cell walls and consequently generates the random deposition of microfibrils (Giddings and Staehelin, 1991; Wymer et al., 1996; Fisher and Cyr, 1998; Baskin, 2001; Roberts et al., 2004) . In cell walls of soybean seedlings developing in space, the lack of orientation of the fibrillar structures was accompanied by their spreading on a wider area between two adjacent cells and consequently determined a lower density of cellulose microfibrils which, in turn, probably constrained the functioning of the ordering principles. Experiments using protoplasts as models supported the hypothesis that, while hypergravity triggers an increased organization of cortical microtubules, low-gravity conditions not only reduce the ability of the cell to organize the cortical microtubules into parallel arrays but also reduce their quantity, thus lowering the capability to regenerate an adequate cell wall Soga et al., 2006 ) . The scattering of microfibrils in cell walls developing in Space could also be due to the lack of crystallization of glucan chains through H-H bonding during cellulose formation (Brown et al., 1992; Nedukha, 1996) .
The formation of the cell wall is a complex phenomenon which involves not only the correct formation and assembly of cellulose microfibrils, but also their interaction with other compounds, such as hemicelluloses, pectins and lignin, as visualized through immunological probes (Esau, 1977; Ruel et al., 1994; Joseleau and Ruel, 1997; Ruel, 2003) . Altered gravity conditions affect the chemical composition of cell walls, changing the proportion between different macromolecules. Experiments conducted in microgravity conditions provide evidence for the reduction in cellulose and matrix polysaccharides production, the alteration of the ratio of the high molecular mass polysaccharides in the hemicellulose fraction, and changes in the lignin content and composition (Cowles et al., 1984 (Cowles et al., , 1988 Nedukha, 1996; Levine et al., 2001; Genot et al., 2003; Hoson et al., 2002 Hoson et al., , 2003 Soga et al., 2002) . Alteration of the degree of crystallization of cellulose as well as the different interactions with the other cell wall components could be hypothesized to explain the lower estimation of the size of microfibrils and some classes of lamellae in soybean seedlings grown in Space. The interaction between cellulose and other compounds of polysaccharidic nature is also the reason, besides the techniques used, deemed responsible for the difference in apparent size of microfibrils measured by various authors (Kerr and Goring, 1975; Ruel et al., 1978; McCann et al., 1990; Donaldson and Singh, 1998; Davies and Harris, 2003) .
In conclusion, the overall analysis suggests that, although cellulose microfibrils show randomized orientation at the beginning of the primary vessel wall deposition in soybean seedlings developing in microgravity, they seem to be able to orient parallel to each other and arrange in progressively thicker bundles at a later stage, at least during the deposition of secondary wall layers. Moreover, the perturbations observed at the beginning of primary wall formation in vessels could furnish a reason to explain the almost unaltered anatomy accompanied by a slower growth observed in seedlings developed in Space than in 1 g on Earth.
Although to confirm the present results and interpretations, a space experiment with in-flight 1-g control would be consequential, it can be hypothesized that the process of proper cell-wall building is not prevented but somewhat slowed under Space conditions.
